. The results show that soil particle size had an effect on Raman spectrum of soils. The predictions of P show that partial least squares analysis (PLS) produced higher coefficient of determinations for the estimations of P with the same particle size when compared to a combination of different particle sizes.
Introduction
Accurate sensing and determination of phosphorus (P) concentration in soil samples using spectral measurement depend upon the condition of soil sample, instrument and environment. The particle size of soil has a significant effect on the reflectance and absorbance spectrum of soils . The reflectance or light scattering of soils varies with the variation in the particle size of soils. The change in the reflectance with regard to the change in particle size is very useful in determining the particle size distribution of soils. However, the same feature is not desirable in accurate sensing of P concentration of a soil sample due to variation caused by the particle size on the reflectance. The spectral properties of soils to improve the prediction of soil particle size fractions in near infrared (NIR) were investigated and the authors reported the prediction of soil texture using reflectance data (NIR) as an auxiliary variable. The mean square error between the actual and estimated values was reduced up to 18 and 33 % for estimations of sand and clay, respectively (Zhang, 1992) . The spectral emittance of different particulate minerals from 5 to 25 μm to study the variation of diagnostic features with particle size and packing density was measured by Arnold (1991) . The author concluded that spectral contrast features in the emittance spectrum of a particulate mineral were controlled by both particle size and packing density. The packing density controlled the final contrast while the particle size was responsible for the type of feature that occurred. The remote sensing of soil particle size was conducted within the range from 8 to 14 μm (Salisbury and D'Aria, 1992) and the band ratios were used to estimate the particle sizes of dry, quartz-dominated soils with low organic matter content with good accuracy. The measurements of pristine and disturbed soils to determine spectral contrast differences between field and laboratory data were conducted (Johnson et al., 1998) . Merry and Janik (2001) used mid infrared (MIR) spectroscopy for rapid and cheap analysis of soils. The authors found that after minimal sample preparation, the MIR spectrum of a soil took about two minutes to acquire and analyze. The MIR technology could provide good quality prediction of soil properties, e.g. carbonate and organic carbon, total nitrogen, cation exchange capacity, some exchangeable cations, electrical conductivity, pH, soil texture. The effect of particle size on reflectance and absorbance spectra in determining P concentration of soils was investigated (Bogrekci and Lee, 2004; . The authors observed the effect of particle size on the absorbance spectrum of soil and eliminated the effect significantly using the spectral signal processing techniques by improving the accuracy of P prediction in the visible (VIS) and near infrared (NIR) regions. Frost et al. (2003) used Raman spectroscopy in order to characterize vivianite arsenates and identify the arsenic contaminants in soils. The improvements and availability in the optics for Raman spectroscopy let the usage of this technique spread over. Overcoming the drawbacks of Raman spectroscopy in previous years would give new opportunities that this technique presents and is capable. The concentration of energetic materials that contaminates the soil was measured using Raman spectroscopy (Moore, 2001) . The results from the study done by Moore (2001) show that Raman spectroscopy could be useful as a screening technique at the percentage level should the interference from the soil fluorescence could be overcome. In this case, either changing the instrument features or using the multivariate analysis technique such as partial least squares (PLS) may improve the calibration and prediction models. The objective of this research was to investigate the effects of soil particle size on Raman spectra of soils in sensing P concentration.
The soil samples were collected from the Lake Okeechobee drainage basin in Florida. The samples were obtained from three different fields. The samples were dried and graded into five particle sizes using a sieve shaker (RO-TAP, W. S. TYLER, Inc.). The sieve sizes were 125, 250, 600, and 1000 μm. Eighty soil samples in 80 locations were used in this study. The soil samples were sent to a laboratory for chemical analysis of P concentrations. The samples were analyzed for total P.
A portable field P sensor ; US patent application: Serial No: 60/694,649) was used to collect the Raman spectrum of soils. A laser source at 785 nm with a typical FWHM (full width at half maximum) of 0.2 nm was coupled with a Raman probe of 1 m long. The light reflected from soil surface was measured using a TE cooled spectrometer with a spectral range in 340-3640 cm -1
. A total of 400 Raman spectra were produced from this investigation, since there were 80 samples with five different particle sizes.
The data analysis took place using two methods in predicting P concentrations of soils. The former is that the spectral data used was from the particle size of less than 125 μm. That is, soil particle sizes were the same (<125 μm). The latter is that all spectra for all soil particle sizes were used (<125, 250, 600, 1000 and >1000 μm). All data were divided into calibration and validation data sets for two methods. The numbers of samples were 195 and 200 for the calibration and validation data sets, respectively. The simple randomized sampling was used. Partial least squares analysis (PLS) was used for the prediction of P in soils (SAS, 1999).
Results and Discussion
Soil particle size distribution had considerable effect on Raman scattering of the soil samples. Indeed, Raman signal of the soil samples varies with respect to particle size distribution of the soil sample. This section discuses the effect of soil particle size in predicting P concentration of soils. Two methods were compared using PLS predictions. One of which had the same particle size while the other of which had all particle sizes.
The variation in Raman intensity with regard to different particle sizes is shown in Figure 1 . The intensity of signal is lower when the particle size is smaller between the spectral range of 640 and 1540 cm -1 . In general, the greater the soil particle size is, the greater the Raman intensity of soils. However, the intensity of the signal for the particles between 600-1000 μm and >1000 μm was reversed. Actual versus predicted P concentrations of soils using PLS with two factors for the particle size groups of (<125 μm) and (<125, 125-250, 250-600, 600-1000, and >1000 μm) are presented in figures 2 and 3. The higher coefficient of determination (R 2 = 0.899, fig. 2 ) of soils with the same particle size (<125 μm) indicates that soil particle size has a significant effect on the prediction of P in soils using Raman spectroscopy when compared with that of soils with all particle sizes (<125, 125-250, 250-600, 600-1000, and >1000 μm). Figures 4 and 5 show the relationship between actual and predicted P concentrations of soils using PLS with five factors for the particle size groups of (<125 μm) and (<125, 125-250, 250-600, 600-1000, and >1000 μm). The similar relationship were observed when PLS was used with five factors. The increase in the number of factors increased the coefficients of determination for both groups of particle size ranges. The soil with the same particle size produced better P predictions using spectral data. Figure 2. Actual vs predicted P concentration of soils using PLS with 2 factors for the soil particle sizes less than 125 μm for the validation data set. Figure 3. Actual vs predicted P concentration of soils using PLS with 2 factors for all soil particle sizes (<125, 125-250, 250-600, 600-1000, >1000 μm) for the validation data set. . Actual vs predicted P concentration of soils using PLS with 5 factors for the soil particle sizes less than 125 μm for the validation data set. Figure 5. Actual vs predicted P concentration of soils using PLS with 5 factors for all soil particle sizes (<125, 125-250, 250-600, 600-1000, >1000 μm) for the validation data set.
Conclusion
Two methods (the same soil particle sizes and a range of soil particle sizes) were used to determine P concentration using Raman spectroscopy. Phosphorus prediction results showed that P would be predicted better when the particle size of soils are the same. The spectral signal processing may correct the effect of particle size on Raman spectrum. If spectral signal processing can not solve the effect, the soils should be reduced to the same particle size using grinders before the spectral measurement.
